ABSTRACT Two identical trials were conducted to determine the relationship of a novel digestive enzyme assay, Poultry Complete IDEA (PC IDEA), and the pepsin digestibility assay with standardized ileal amino acid digestibility (SIAAD) of 20 animal protein meals (APM) fed to broilers from 25 to 30 d of age. Animal protein meals included 10 meat and bone meals (MBM) consisting of bovine, porcine, or mixed bovine and porcine raw materials (BP), and 10 animal protein blends containing animal proteins from various species. Treatments consisted of 20 semi-purified diets containing 1 APM as the sole source of dietary amino acids (AA), and 1 N-free diet to determine endogenous ileal AA flow. With the exception of the N-free diet, diets were formulated to contain 20% CP. In each trial, 756 Ross × Ross 708 male broilers were housed in battery cages and randomly assigned to 21 dietary treatments on d 25 (12 birds per cage; 3 replicate cages), and ileal digesta were collected on d 30 for determination of SIAAD. Pepsin digestibility and PC IDEA were determined for APM samples from each experimental diet (3 replicates per trial; 6 total replicates). Pepsin digestibility and PC IDEA were both correlated (P < 0.001) with SIAAD for each AA. 
INTRODUCTION
Animal protein meals (APM) are excellent sources of amino acids (AA), energy, and minerals. In the past, poultry byproduct meal (PBM) was used as the primary APM in poultry diets due to its availability and perceived low nutrient variability. However, a substantial portion of PBM is now marketed to the pet-food industry at a premium price. Pet food-grade PBM contains highly digestible parts and is higher in AA concentrations than feed-grade PBM, which is more variable due to higher proportions of low quality by-products such as feathers, heads, and feet (Dozier et al., 2003) . Consequently, poultry nutritionists are utilizing more meat and bone meal (MBM) and protein blends in broiler diets. Meat and bone meal is composed of inedible products from slaughtering facilities that can originate from single or mixed species, as well as trimmings and waste from butcher shops, grocery stores, and restaurants. The various raw materials and processing conditions used by renderers in producing MBM yields products that are highly variable in chemical composition and protein quality (Johnston and Coon; 1979; Parsons et al., 1997; Wang and Parsons, 1998b; Ravindran et al., 2002) . In an effort to reduce nutrient variability, animal protein blends are formulated to desired nutrient specifications by combining multiple animal protein sources with supplemental amino acids.
Poultry nutritionists may limit the inclusion of APM or use safety margins for AA to reduce the likelihood of impaired bird performance due to variability in AA composition. Formulating broiler diets containing APM based on digestible AA content rather than total AA content of APM allows a better prediction of dietary AA quality and growth performance, thereby reducing the need for wide safety margins (Rostagno et al., 1995; Wang and Parsons, 1998a) . Bioassays are often em-ployed to determine AA digestibility of APM for poultry. The standardized ileal AA digestibility (SIAAD) uses growing broilers, enables ad libitum feeding, and accounts for age-appropriate basal endogenous losses (Lemme et al., 2004) . There is a growing consensus that the SIAAD assay is a suitable method for evaluating the AA digestibility of feed ingredients (Bryden and Li, 2010) . However, bioassays are costly and require a significant investment of time and labor. Therefore, rapid and accurate in vitro assays that predict AA digestibility would be useful tools for broiler nutritionists to evaluate currently available APM.
The pepsin digestibility assay is rapid and relatively inexpensive, and has been widely used for evaluating protein quality of feed ingredients for many years (Parsons et al., 1997) . Correlations of the pepsin digestibility assay with in vivo digestibility measurements for APM in poultry have been evaluated with inconsistent results (Parsons et al., 1997; Ravindran et al., 2002) . More recently, a novel digestive enzyme assay (Poultry Complete IDEA, Novus International Inc., St. Charles, MO; PC IDEA) has been developed for predicting AA digestibility of MBM, PBM, feather meal, and other meat meals (Schasteen et al., 2002) . A strong relationship between a similar assay (SBM IDEA, Novus International Inc.) and AA digestibility in precision-fed roosters for soybean meal has been reported, with R 2 values of 0.86, 0.88, 0.88, 0.86, and 0.90 for Lys, Met, Thr, Val, and Ile, respectively. However, published literature on the relationship between PC IDEA and AA digestibility of commercially available APM is lacking. Thus, correlations of PC IDEA and pepsin digestibility with SIAAD of commercially available APM in broilers are of interest to poultry nutritionists.
The objective of this study was to evaluate PC IDEA and pepsin digestibility as indicators of SIAAD of 20 APM varying in chemical composition fed to broilers from 25 to 30 d of age. Correlations of PC IDEA and pepsin digestibility were assessed. Furthermore, multiple linear regression was used to determine the degree of variation in SIAAD that could be explained by these 2 in vitro assays.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee at Auburn University approved the experimental protocol involving live birds (PRN 2009 (PRN -1675 .
APM
Twenty-nine APM were obtained from renderers, blenders, and poultry feed mills throughout the United States. These APM were analyzed at Auburn University for moisture (method 934.01; AOAC International, 2006) and CP (method 968.06; AOAC International, 2006) , with CP being calculated by multiplying percent N (Rapid N Cube, Elementar Analysensyteme GmbH, Hanau, Germany) by a correction factor of 6.25. Crude fat [(method 920.39 (a) ], ash (method 942.05) and complete mineral profile (method 968.08) were determined by the University of Missouri Agricultural Experiment Station Chemical Laboratory according to procedures of the AOAC International, 2006. Twenty APM were chosen that encompassed a wide range in nutrient composition (Table 1) . These included 10 MBM consisting of bovine (3 samples), porcine (3 samples), or mixed bovine and porcine (4 samples) raw materials (BP), and 10 blended APM containing various animal byproducts and additional ingredients such as vegetable proteins and supplemental amino acids. Each of the 20 APM sources were divided into 6 aliquots (3 per trial) that were used for experimental diets so independent PC IDEA, pepsin digestibility, and SIAAD values could be obtained for each replicate cage.
Dietary Treatments
Twenty-one dietary treatments consisted of 20 semipurified diets containing a single APM as the only source of AA, and 1 N-free diet for determination of basal endogenous AA losses. Experimental diets containing APM were formulated to contain 20% CP (Table 2). A basal diet was formulated and mixed for each of the 20 APM and divided into 6 aliquots (3 per trial). The basal and corresponding APM were combined and mixed in small (≈11 kg) batches for each cage (126 diets), with each of the 21 dietary treatments being represented by 6 replications (3 replicates per trial). All diets were formulated to be adequate in vitamins and minerals (NRC, 1994) and maintain a dietary electrolyte balance (DEB) between 140 and 220 mEq. Titanium dioxide was used (0.5% inclusion) as an inert marker for all diets. All dietary treatments were provided in mash form.
Bird Husbandry
In each trial, 756 Ross × Ross 708 (Aviagen Inc., Huntsville, AL) male chicks were obtained from a commercial hatchery and received vaccinations for Marek's disease, Newcastle disease, and infectious bronchitis. Chicks were placed into 63 grower battery cages (Petersime, Gettysburg, OH; 12 birds per cage; 0.04 m 2 / bird), and each cage was equipped with 1 trough feeder and 1 trough waterer. Battery cages were located in a solid-sided house with temperature control. Temperature was set to 33°C at placement and was decreased gradually to 24°C by the end of experimentation. A 23L:1D lighting schedule was used until d 25. On d 25, a 12L:12D lighting schedule was implemented to obtain sufficient feed intake approximately 3 h before collection to ensure adequate amounts of ileal digesta could be collected on d 30. Broilers were fed a common corn-soybean meal starter diet (AME n , 3,075 kcal/kg; digestible Lys, 1.22%; digestible TSAA, 0.92%; digest- All values reported as percentage on an as-is basis unless otherwise noted. Animal protein meals (APM) as described in Table 1 . ible Thr, 0.83%; Ca, 0.90%; and nonphytate P, 0.45%) that met or exceeded NRC (1994) nutrient recommendations from 1 to d 24 of age.
SIAAD
On d 25, chicks were randomly assigned to 1 of 21 experimental diets. Following a 5-d acclimation period, ileal digesta were collected for the determination of SIAAD on d 30. Eight birds per cage were euthanized via CO 2 asphyxiation, and digesta were collected by gently flushing the terminal ileum (4 to 30 cm proximal to the ileo-cecal junction) using deionized water. Samples within each cage were pooled and frozen (−20°C) for later analysis. Frozen digesta samples were thawed, lyophilized, and ground using an electric coffee grinder to provide a finely ground sample while avoiding significant loss. Complete AA content of the diet and ileal digesta from each cage (126 diet and digesta samples) were analyzed by the University of Missouri Agricultural Experiment Station Chemical Laboratory in duplicates [method 982.30 E (a,b,c) , AOAC International, 2006] . Performic acid oxidation (method 985.28; AOAC International, 2006) was conducted before acid hydrolysis for the determination of Met and Cys, whereas all other amino acids were determined after acid hydrolysis.
Titanium concentration of diets and digesta were determined in duplicate based on the method reported by Leone (1973) . Briefly, 0.25 g of digesta or feed was added to threaded glass test tubes and ashed at 580°C for 10 h; 0.8 g of NaSO 4 was added to the ashed samples, which were diluted with 5 mL of H 2 SO 4 and then heated at 130°C for 72 h; tube contents were diluted to 50 mL with distilled deionized water and held for 12 h at 25°C; 3 mL of feed samples or 1 mL of excreta samples plus 2 mL of 1.8 M H 2 SO 4 was added to glass test tubes with 150 μL of H 2 O 2 ; and after allowing 30 min for color development, absorbance was measured on a spectrophotometer (DU 730, Beckman Coulter, Brea, CA) at 410 nm.
Apparent ileal amino acid digestibility (AIAAD) was calculated with the following equation (Lemme et al., 2004) :
Ileal endogenous AA (IEAA) flow in broilers fed the N-free diet was calculated as milligrams of AA flow per kilogram of DM intake (DMI) using the flowing equation (Moughan et al., 1992; Adedokun et al., 2007) : IEAA, mg/kg of DMI = ileal AA, mg/kg × [(TiO 2 ) diet /(TiO 2 ) digesta ]. Apparent IAAD coefficients were standardized using the determined IEAA flows with the following equation (Adedokun et al., 2007) : SIAAD = AIAAD + [(IEAA flow g/kg of DMI)/(AA content of the diet, g/kg of DM)] × 100.
In Vitro Assays
In vitro assays were performed on APM samples (120 samples) from each experimental diet for a total of 6 subsamples for each of the 20 APM sources. Subsamples were finely ground with a cyclone mill (Cyclotec model number 1093, Foss North America Inc., Eden Prairie, MN) equipped with a 1-mm screen, and any material that adhered to the mill or screen was added back to the ground sample and homogenized. Pepsin digestibility (method 971.09; AOAC International, 2006) of each APM sample was determined in duplicate. For PC IDEA, ground APM samples (≈400 mg) were solubilized in a solution containing 50 mM KH 2 PO 4 , 0.1% NaN 3 , and 50 mM EDTA adjusted to pH 6.2. A 1.0-mL sample of the solubilized APM was retained for an initial measurement, and duplicate samples (2.5 mL) were transferred to an enzyme kit for digestion (Novus International Inc., 2012) . Digestion was carried out on an end-to-end rotator for 2 h in a 37°C incubator. Digestion was quantified by the reaction of α-amino groups with o-phthaldialdehyde (OPA) for initial and digested samples (Schasteen et al., 2007) . The OPA reagent contained 50 mL of 0.1 M sodium borate, 80 mg of OPA dissolved in 2 mL of 95% ethanol, 200 μL of 2-mercaptoethanol, and 5 mL of 20% SDS, diluted to 100 mL with water (Schasteen et al., 2007) . Triplicate aliquots (10 μL) of 1 initial and 2 digested samples were combined with 1 mL of OPA reagent in disposable cuvettes, briefly inverted, and allowed to incubate for 2 min. Absorbance was measured on a spectrophotometer (DU 730, Beckman Coulter, Brea, CA) at 340 nm. The PC IDEA values were calculated using the following equation (Schasteen et al., 2007) :
where A 340 (final) is the average absorbance of the 2 digested aliquots, A 340 (initial) is the absorbance of the undigested solubilized sample, and percent CP of the APM sample is the CP content determined with a nitrogen analyzer (method 968.06; AOAC International, 2006 ) (N × 6.25) (Rapid N cube, Elementar Analysensysteme Gmbh, Hanau, Germany). A control APM of known digestibility was included in each run of the assay to determine a standardization factor, which was calculated as described by Boucher et al. (2009) The corrected PC IDEA values were used to calculate predicted AA digestibilities estimated from equa-tions supplied in the kit, which are based upon regression analysis of PC IDEA values and standardized AA digestibility values determined with the precision-fed cecectomized rooster assay.
Statistics
Data were analyzed using a randomized complete block design (SAS Institute Inc., 2009). Pen location was the blocking factor. Each treatment was represented by 6 replications (3 replicates per trial) over time. Pearson correlations between PC IDEA, pepsin digestibility, and SIAAD were conducted using PROC CORR (SAS Institute Inc., 2009). Multiple linear regression (stepwise selection) of PC IDEA and pepsin digestibility as predictors of SIAAD was conducted using PROC REG (SAS Institute Inc., 2009) with the following model:
where y i = SIAAD, β 0 = intercept of the regression equation, β j = regression coefficient, x 1 = PC IDEA predicted digestibility, x 2 = pepsin digestibility, and ε i = random error of the regression model. The coefficient of determination (R 2 ), mean squared error (MSE) of the regression equation, and the Mallows statistic [C(p)] were used to define the equation with the best fit. Statistical significance was considered at P ≤ 0.05.
RESULTS AND DISCUSSION
Nutrient composition of the 20 APM samples was diverse (Table 1) . Crude protein content ranged from 41.7 to 61.8%, CF from 4.1 to 13.1%, ash from 16.8 to 45.0%, Ca from 5.9 to 19.9%, P from 2.3 to 9.4%, Na from 0.34 to 1.30%, Cl from 0.10 to 1.55%, and K from 0.13 to 0.63%. The range in CP, CF, and ash contents of APM in the current study was higher than that observed by Olukosi and Adeola (2009) for 21 MBM samples, but lower than that observed by Ravindran et al. (2002) for 19 MBM produced in New Zealand. Average contents of CP (53.6%), CF (9.3%), and ash (26.7%) for APM in this experiment were in good agreement with those reported by others (Parsons et al., 1997; Ravindran et al., 2002; Adedokun and Adeola, 2005; Olukosi and Adeola, 2009) .
To formulate semi-purified diets to 20% CP, dietary inclusions of APM ranged from 32.37 to 47.92% (Table  2) . Dietary electrolyte balance (Na + + K + − Cl − ) of the APM-containing diets ranged from 145 to 214 mEq, with most diets being near the average DEB of 175 mEq. The high Na + , K + , and Cl − contents of APM resulted in dietary concentrations of these elements much higher than their requirement. Therefore, an effort was made to balance the DEB among the diets with minimal Na + , K + , and Cl − supplementation. The DEB of the N-free diet (172 mEq) was formulated to be similar to the average DEB of the APM-containing diets (175 mEq). Adedokun et al. (2011) reported a DEB of 108 mEq may be preferred for N-free diets because the Na + , K + , and Cl − requirements can be met at this level, and that feeding N-free diets with a higher DEB may result in watery excreta. In the experiment herein, no excessively watery excreta were observed for birds fed the experimental diets.
In the current study, AA composition of the diets cannot be directly compared because inclusion levels of APM varied among diets (Table 3) . However, AA composition of the APM sources can be calculated by dividing diet AA composition by the inclusion level of the corresponding APM source. This conversion enables direct comparison of AA composition among APM sources. As expected, AA composition of the APM sources varied substantially. Animal protein meals were most deficient in Trp, Met, Cys, and His, which averaged 0.39, 0.72, 0.82, and 0.99%, respectively. Average composition of Gly (6.55%), Glu (6.30%), Pro (4.45%), Asp (3.94%), and Ala (3.76%) indicated that these APM sources were relatively high in nonessential AA. Lysine, Thr, Val, and Ile contents averaged 2.67, 1.83, 2.61, and 1.73%, respectively. The total AA content (23 AA) of the APM ranged from 41.19 to 60.40% with an average of 52.44%, and these data are in close agreement to the range (46.40 to 60.30%) and average (55.00%) total AA content in 21 MBM samples reported by Olukosi and Adeola (2009) .
In addition to AA composition, the 20 APM sources varied substantially in SIAAD (Table 4) . Standardized ileal digestibility of Lys ranged from 44.5 to 84.2% with an average of 74.8%, Met ranged from 41.4 to 85.5% with an average of 75.2%, Cys ranged from 32.0 to 76.2% with an average of 56.5%, Thr ranged from 42.1 to 81.5% with an average of 71.4%, Val ranged from 45.1 to 83.6% with an average of 74.0%, and Ile ranged from 43.8 to 84.7% with an average of 75.5%. Apparent ileal Trp digestibility could not be standardized because the low concentrations of Trp (<0.04%) in the digesta of birds fed the N-free diet prevented accurate determination of basal endogenous Trp losses. Apparent ileal digestibility of Trp ranged from 35.5 to 69.9% with an average of 56.1%. Standardized IAAD of BP-MBM (APM 1 to 10) in this study was similar to that reported by Adedokun et al. (2007) for Lys (73.8%), Met (72.5%), Thr (67.2%), and Val (72.5%) for 4 sources of MBM in 21-d-old birds using a N-free diet. To our knowledge, no published SIAAD values are available for a range of sources similar to the animal protein blends (APM 11 to 20) in the current study.
Pepsin digestibility of APM in the current study ranged from 81.1 to 95.9%, with an average of 89.0% (Table 5 ). This is in agreement with pepsin digestibility values using 0.2% pepsin concentration for various MBM reported by Ravindran et al. (2002; 89 .7%) and Hendriks et al. (2002; 89 .9%), but slightly higher than 86.2% reported by Parsons et al. (1997) for 13 MBM. In the current study, Pearson correlation coefficients of pepsin digestibility with SIAAD were statistically 2 Animal protein meals as described in Table 1. 3 Total = 23 amino acids including hydroxylysine (HydLys), hydroxyproline (HydPro), lanthionine, ornithine, and taurine. Table 1. 2 Pooled SE.
3 P-value of ANOVA. significant (P < 0.001) for all AA, with an average correlation coefficient of 0.608 when all 20 APM were considered ( The AOAC International (2006) recommended pepsin concentration of 0.2% was used in this study. The results of this experiment are in contrast with previous reports on the relationship of AA digestibility of APM with the pepsin digestibility assay when using a 0.2% pepsin concentration. Johnston and Coon (1979) and Parsons et al. (1997) suggested that the pepsin digestibility assay using a pepsin concentration of 0.2% may digest protein to an extent that prevents detection of subtle differences in the protein quality of MBM. These researchers reported that lowering the pepsin concentration to 0.002% improved the sensitivity of the assay. Parsons et al. (1997) determined that correlation coefficients of 0.002% pepsin digestibility with Lys digestibility in conventional and cecectomized roosters were 0.62 and 0.69, respectively. With the exception of Gly, Ravindran et al. (2002) did not detect any significant correlations between pepsin digestibility (0.2% pepsin) and apparent ileal amino acid digestibility of 19 MBM in 5-wk-old broilers. Animal protein meals in previous Parsons et al. (1997) reported correlations of pepsin digestibility with AA digestibility determined in precision-fed roosters, whereas Ravindran et al. (2002) reported correlations with apparent rather than standardized ileal AA digestibility. The discrepancy between previous results on the relationship of 0.2% pepsin digestibility and results in this study may have been partially attributed to differences between types of APM and in vivo AA digestibility methods and a greater range in pepsin digestibility in the current study. Amino acid digestibility coefficients predicted by PC IDEA were correlated with SIAAD (P < 0.001) for all AA when based on all 20 APM, with an average correlation coefficient of 0.513 (Table 6 ). The strongest correlation coefficients were observed for Met (0.638), Tyr (0.637), and Lys (0.630), whereas the weakest were for Pro (0.305), Gly (0.309), and Arg (0.329). Correlation coefficients for Cys, Ile, and Val were and 0.526, 0.595, and 0.541, respectively. When only BP-MBM (APM 1 to 10) or animal protein blends (APM 11 to 20) were considered, correlations coefficients were lower with values of 0.506 and 0.566 for Lys, 0.511 and 0.557 for Met, 0.512 and 0.421 for Thr, 0.477 and 0.394 for Val, and 0.531 or 0.508 for Ile, respectively. For BP-MBM, correlation coefficients were not significant (P > 0.05) for Arg, Phe, Ala, Gly, and Pro. For animal protein blends, SIAAD of Arg, Cys, Gly, and Pro was not correlated (P > 0.05) with PC IDEA. Generally, PC IDEA predicted digestibility coefficients were lower than observed SIAAD coefficients for essential AA, with the exception of Arg, and higher for nonessential AA, with the exception of Asp. The predicted PC IDEA AA digestibility coefficients were calculated using equations supplied with the enzyme kit, which are based upon correlations with AA digestibility determined in precision-fed roosters. Boucher et al. (2009) determined a strong relationship between IDEA predicted digestibility and digestibility determined in precision-fed roosters for fish meal (n = 5), with R 2 values of 0.73, 0.92, and 0.91 for Lys, Met, and Thr, respectively. In evaluating 3 APM, Kim et al. (2011) determined that AA digestibility was higher for 1 MBM and lower for a second MBM and PBM with the precision-fed rooster assay than with the SIAAD assay. Therefore, differences in AA digestibility of APM between the precision-fed rooster assay and SIAAD assay are inconsistent and may have influenced correlations of PC IDEA with SIAAD in the current study.
Multiple linear regression was employed to determine the extent of variability that could be explained when using both the pepsin digestibility assay and PC IDEA as indicators of SIAAD for APM (Table 7) Stepwise selection did not include PC IDEA as a significant predictor of SID for Ala, Arg, Gly, Pro, Ser, or Phe. For all other AA, both PC IDEA and the pepsin digestibility assay were considered significant predictors of SIAAD.
Several factors may have attributed to the relatively low R 2 values for the prediction of SIAAD in the current study. The 20 APM were selected to provide a wide range in nutrient composition, but the range in observed SIAAD of the APM was limited. With the exception of APM-11 (44.5%), SIAAD of Lys ranged between approximately 65 and 85% with 11 of the 20 APM sources falling between 70 and 80%. There were no APM sources with values of SIAAD for Lys falling between 45 and 65%. If there had been a greater disparity and more uniform distribution of SIAAD values, stronger correlations and more robust prediction equations may have been observed.
In conclusion, these data indicated a significant relationship of PC IDEA and pepsin digestibility with SIAAD for APM diverse in AA quality, and resulted in the following prediction equations for Lys, Met, and 
